We analyzed the bacterial community of Alaska pollock sikhae, a traditional Korean food made by natural fermentation with Alaska pollock, utilizing pyrosequencing. We fermented the Alaska pollock sikhae at two different temperatures (10 C and 20 C). Before fermentations, the bacterial community was varied. After fermentations, however, Lactobacillus sakei became dominant. The Alaska pollock sikhae sample before fermentations contained only 2% L. sakei, but the sample on day 6 of fermentation at 10 C comprised 74% L. sakei (90% at 20 C). In addition, we observed a reduction in the composition of unpreferred bacterial species for foods after fermentation. The composition of unpreferred bacterial species was more than 30% of total reads in samples before fermentation and decreased to less than 0.2% after fermentation. This result suggested that the fermentation of Alaska pollock sikhae can be beneficial for food safety. Alaska pollock sikhae might be a favorable habitat for L. sakei. Our study is the first report illustrating the alteration of the bacterial community of Alaska pollock sikhae during fermentation utilizing pyrosequencing analysis.
Introduction
Numerous fermented foods are popular in Korea. Korean fermented foods were designed for long-term storage, to supplement various nutrients, and to provide featured flavors. Jeotgal and sikhae are both traditional fermented seafoods made for long-term storage (Rhee et al., 2011) . While jeotgal contains a relatively high concentration of salt [generally 20 30% (w/w)], sikhae uses a low concentration of salt [ 7%] (Cha et al., 2004; Jung et al., 2013a, b; Guan et al., 2011; Lee et al., 2014) . In contrast to jeotgal, sikhae contains grains that provide abundant carbon sources to microbes. Gajami-sikhae, Alaska pollock sikhae, and squid sikhae are the three most popular Korean sikhae. In addition to salt and fish (Alaska pollock), Alaska pollock sikhae is composed of cooked grains, white radish, red pepper powder, malt, garlic, and ginger. Alaska pollock sikhae is mainly divided into Kangwondo-and Kyoungsangdo-style recipes. While Kyoungsangdo-style recipes use dried Alaska pollock, undried fish are utilized for the Kangwondo-style recipes. Despite its importance as a Korean fermented food, there is limited research regarding sikhae and our understanding of the fermentation mechanisms of sikhae is largely incomplete.
Novel bacterial strains were isolated from sikhae, mainly from gajami-sikhae (Kim et al., 2009; Jung et al., 2012a; Shin et al., 2011; Park et al., 2013 Park et al., , 2014 . Alishewanella jeotgali MS1 T was isolated from gajami-sikhae and its genome was fully sequenced (Kim et al., 2009; Jung et al., 2012a ). Shin and co-workers isolated Leutobacter celer NAL101 T from gajami-sikhae (Shin et al., 2011) . They suggested that the gajami-sikhae habitat might not be the optimal growth condition for the NAL101 T strain (Shin et al., 2011) . Park and colleagues isolated Lactobacillus plantarum LG42 from gajami-sikhae and showed its antiobesity effect on high-fat-diet-induced obese mice (Park et al., 2013 (Park et al., , 2014 . Recently, we characterized the bacterial community of eight gajami-sikhae products and isolated beneficial strains (Kim et al., 2014) . The study indicated that the lactic acid bacteria were dominant in the bacterial community of the gajami-sikhae products.
Novel strains isolated from various fermented foods had been characterized and their functionality as probiotics had also been investigated (Abbasiliasi et al., 2012; Shin et al., 2008; Wu et al., 2009; Chang et al., 2010; Park et al., 2013) . Although research on an individual strain from a specific habitat is important, understanding the microbial community present in the environment also provides valuable information. To estimate the microbial community composition of the specific environment, numerous tools have been employed. Among them, next-generation sequencing (NGS) technologies such as pyrosequencing have gained attention for microbial community analysis as tools that can overcome issues in the conventional methods, such as limitations of collecting information, fastidious culturability of some microbes, and laborious processes (Lee et al., 2012; Jeong et al., 2013; Mardis, 2008) . In fact, numerous studies analyzing the microbial community compositions in traditional Korean foods have been performed utilizing pyrosequencing (Jung et al., , 2012b (Jung et al., , 2013a Nam et al., 2012b; Jeong et al., 2013; Lee et al., 2014; Nam et al., 2012a; Mardis, 2008) .
Our previous research revealed that Lactobacillus sakei was dominant in the gajami-sikhae microbiota (Kim et al., 2014) . In this study, we conducted pyrosequencing analysis of the bacterial community in Alaska pollock sikhae made with a Kangwondo-style recipe. Alteration of the bacterial community compositions at two different temperatures consistently indicated that L. sakei became prominently dominant among the varied bacterial community. This result suggested that L. sakei might have the capability to suppress other species in the bacterial community or utilize nutrients of sikhae better than other bacterial species present.
Materials and Methods
Sample preparation and fermentation of Alaska pollock sikhae. We prepared Alaska pollock sikhae following a Kangwondo-style recipe. Firstly, 5 kg of Alaska pollock fillet were completely washed with 3% salt water. The washed fish fillet was chopped and mixed with 1.05 kg of cooked millet, 2.72 kg of shredded radish, 800 g of red pepper powder, 10 g of green onion, 8 g of garlic, 5 g of ginger, 1 g of salt, and 21 g of malt. We collected samples for the bacterial community analysis and fermented the Alaska pollock sikhae for further analysis under two different temperature conditions (10 C and 20 C). We collected samples of the two different temperature conditions on days 3 and 6 of fermentation in the laboratory.
DNA extraction and amplification of samples from Alaska pollock sikhae. Genomic DNAs from the collected Alaska pollock sikhae samples were extracted with a FastDNA SPIN extraction kit (MP Biomedicals, Santa Anna, CA). We amplified V1, V2, and V3 variable regions of 16S rRNA using barcoded fusion primers as previously described (Chakravorty et al., 2007; Hur et al., 2011) . The PCR for the DNA amplification was performed as previously described (Kim et al., 2014) . Additionally, PCR purification was done using a QIAquick PCR Purification Kit (QIAGEN, Limburg, Netherlands). For pyrosequencing, amplicon libraries were adjusted to equimolar concentrations and sequencing was executed on a 454 GS Junior system (Roche, Basel, Switzerland) following the manufacturer s instructions.
Processing of sequenced data from the microbial community in the Alaska pollock sikhae samples using pyrosequencing. Sequences collected by pyrosequencing were sorted by a unique barcode for each sikhae sample. Among the sorted sequences, sequences less than the 300 bp read length or sequences whose average quality score was less than 25 bp were removed. In addition, sequences were further edited by primer sequence trimming utilizing pairwise alignment and sequencing error correction. We employed the EzTaxon extended database for sequence identification by searching the highest similarity among the top five hits of the BLASTN algorithm (Chun et al., 2007) . UCHIME software was also employed for chimeric sequences and non-16S rRNA gene sequences that were further removed (Edgar et al., 2011 ). An operational taxonomic unit (OTU) was obtained by CD-HIT software with a 97% sequence identity cutoff (Li and Godzik, 2006) .
Statistical analysis to determine the richness and diversity of species of each Alaska pollock sikhae sample. We performed statistical analysis using the Chao1 richness index and Shannon diversity index with MOTHUR software (Schloss et al., 2009 ). We obtained the Chao1 richness index and Shannon diversity index to estimate the richness and diversity of species of the different Alaska pollock sikhae samples. Fast UniFrac distance utilizing CLcommunity TM software (ChunLab, Inc., Seoul, Korea) was used for principal coordinate analysis (PCoA) to determine the differences in the richness and diversity of bacterial communities among sikhae samples (Hamady et al., 2010) . Pyrosequecing reads reported in this study have been deposited in the EMBL Sequence Read Archive database under the project accession number PRJEB6648 (http://www.ebi.ac.uk/ena/data/view/ PRJEB6648).
Results

Characteristics of the sequenced data for Alaska pollock sikhae samples utilizing pyrosequencing analysis
Alterations in the bacterial community compositions of Alaska pollock sikhae during the fermentation under different temperatures (10 C and 20 C) were monitored by high-throughput pyrosequencing of the partial 16S rRNA gene. The sequence length of the Alaska pollock sikhae samples was distributed between 300 and 530 bp (Fig. 1) . The total reads for each Alaska pollock sample ranged from 6,138 to 20,072 (Table 1 ). The number of OTUs in five different Alaska pollock sikhae samples was from 97 to 313. Although the control displayed a small number of valid reads (1,676), the number of OTUs was the second most among the samples (Table 1 ).
The alteration of the bacterial community compositions of Alaska pollock sikhae under different fermentation conditions
The phylum-level bacterial composition analysis by pyrosequencing showed that the control (the sample before fermentation) consisted of six phyla (Firmicutes, Proteobacteria, Actinobacteria, Bacteroidetes, Fusobacteria, and Deinococcus-Thermus) (Fig. 2a) . However, the samples collected after 3 days of fermentation at 10 C contained four phyla (Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes). In addition, the samples collected after 3 days of fermentation at 10 C showed a significant increase in the phylum Firmicutes and decrease in the phylum Proteobacteria compared to the control (Fig. 2a) . The increase in the Firmictues and the decrease in the Proteobacteria appeared to continue until day 6 at 10 C. Similarly, the increase in the Firmictues and the decrease in the Proteobacteria were also observed in the bacterial compositions of the samples fermented at 20 C (Fig. 2a) .
The changes in the genus-level bacterial composition under two different fermentation conditions were in agree ment with those of the phylum-level compositions. The control sample consisted of 21 genera including Enterobacter (27%), Leuconostoc (9%), Acinetobacter (8%), Chryseobacterium (7%), Arthrobacter (6%), Pantoea (5%), Pseudomonas (4%), and Lactobacillus (4%), among others (Fig.  2b ). This result indicated that various bacterial genera were resident in the Alaska pollock sikhae. As the fermentation progressed, the proportion of genera including lactic acid bacteria was significantly increased (Fig. 2b) . The Alaska pollock sikhae sample on day 3 of fermentation at 20 C contained 87% Lactobacillus and 9% Weissella. A dramatic increase in the genera including lactic acid bacteria was also observed in the sample on day 6 of fermentation at 20 C (Fig. 2b) . The amount of Lactobacillus genera (98%) became overwhelming, but the amount of Weissella genera was negligible ( 1%). Compared to the fermentation at 20 C, the genus-level composition of the bacterial community after 3 days of fermentation at 10 C was varied. The sample collected after 3 days of fermentation at 10 C comprised Lactobacillus (59%), Weissella (12%), Psychrobacter (15%), Pantoea (5%), Enterobacter (2%), Leuconostoc (1%), and other genera whose proportions were less than 1%. The proportions of Lactobacillus and Weissella were increased up to 76% and 22%, respectively, on day 6 of fermentation at 10 C (Fig. 2b) . The dominance of the genera including Lactobacillus, Leuconostoc, and Weissella is consistent with the result observed in the previous study discussing the bacterial community analysis for the gajami-sikhae samples (Kim et al., 2014) .
The species-level compositions of the bacterial communities of the Alaska pollock sikhae samples showed a similar trend to the genus-level bacterial compositions. The heat map analysis in Fig. 3 shows the five most abundant species whose percentages among the bacterial community composition were more than 5% for at least one of the individual samples. While Lactobacillus sakei showed only 2% of the bacterial community in the control sample, L. sakei became dominant regardless of the fermentation conditions (Fig. 5) . Weissella hellenica was also relatively abundant in the various samples (Fig. 5) . Interestingly, Psychrobacter arcticus, a bacterial species that was firstly isolated from a Siberian permafrost core (Hinsa-Leasure et al., 2013), (14%) was included in the sample after 3 days of fermentation at 10 C. In addition, the UniFrac clustering relationship with Each line represents the distribution of the sequence length of the sample collected from denoted fermentation conditions. The y-axis indicates the percentage of the counts per total counts of the assigned sample. Panel (a) displays the bacterial community compositions from the sikhae samples at the phylum-level, and panel (b) shows the genus-level.
the five most abundant bacterial species demonstrated that the control was distinct from the other samples (Fig. 3) . We also monitored the alteration of composition of the bacterial species that might not be preferable for foods. A recent study suggested there exists a link between obesity and Enterobacter, and consumption of foods containing high quantities of Enterobacter might be unhealthy (Fei and Zhao, 2013) . The control included high amounts of Enterobacter species such as Enterobacter cowanii (19.3%), Enterobacter hormaechei (1.8%), Enterobacter cancerogenus (1.1%), Enterobacter kobei (0.7%), and Enterobacter amnigenus (0.6%) (Fig. 4) . In addition, the control showed that several other bacterial species could be opportunistic pathogens such as Klebsiella oxytoca, Leclercia adecarboxylata, Acinetobacter baumannii, Escherichia vulneris, Pseudomonas oryzihabitans, and Stenotrophomonas maltophilia. The total amount of species potentially adverse to health was more than 30% in the control sample (Fig. 4) . Importantly, the composition of the unpreferred bacterial species was significantly reduced after fermentation regardless of the temperature condition. Specifically, the composition of the unpreferred bacterial species was reduced to under 0.2%. To understand the reason for the decrease in those unpreferred bacterial species, we measured the pH of the fermented food. The values of pH were decreased on day three of fermentation at 10 C and 20 C, but negligible change was observed at 0 C. Interestingly, the value of pH at 20 C was more than 6, indicating that the pH may not be the sole reason for the decrease of the unpreferred bacterial species. Combined with the result showing the dominance of lactic acid bacteria after fermentation, this result suggested that the fermentations under assigned temperature conditions (10 C and 20 C) allowed Alaska pollock sikhae to develop a bacterial community preferable for food safety. Table 1 shows the summary of statistical parameters of the pyrosequencing data from five Alaska pollock sikhae samples. The Chao1 richness revealed that species richness between the samples was slightly varied (478.15 126.00). The Shannon diversity index of the control was 4.82, whereas those of the other samples were between 1.78 and 2.83. We implemented principal coordinate analysis (PCoA) of the bacterial communities from the five Alaska pollock sikhae samples to estimate the relationship of the bacterial communities among the samples (Fig. 5) . The PCoA analysis showed that the Alaska pollock sikhae samples at similar temperatures could be clustered, while the control was distinct from the others. The sikhae sample after 3 days of fermentation at 10 C was slightly different from the other sikhae samples after fermentation. This result was in accordance with the UniFrac cluster analysis of the five most abundant species (Fig. 4) . The percentages of the five most abundant species among the bacterial community composition are more than 5% for at least one of the individual samples. The heat map gradient represents relative abundance of the species for the assigned samples. The value (percentage of the species among the bacterial community) was denoted on the top of white (0.00) and black (91.67) gradients. The relationship of bacterial communities was described by implementing UniFrac clustering above the heatmap. The UniFrac distance scale bar is depicted at the top-right corner of the figure. The dark grey circle clustered the bacterial communities of Alaska pollock sikhae samples at 10 C and the light grey circle at 20 C.
Statistical comparison of microbiota between Alaska pollock sikhae
Discussion
In our previous study, we examined the bacterial community in the gajami-sikhae samples utilizing pyrosequencing analysis. Although the gajami-sikhae samples were made by different manufacturers, it was consistent that the lactic acid bacteria were dominant in the microbial community of gajami-sikhae. Importantly, the analysis of the gajamisikhae samples showed that L. sakei was the predominant species among the bacterial community isolated from the gajami-sikhae samples (Kim et al., 2014) . Consistently, L. sakei was predominant in the bacterial community of the fermented Alaska pollock sikhae. This is intriguing because the control sample before fermentation comprised varied bacterial species. This result indicated that the environment of Alaska pollock sikhae was favorable for the L. sakei strain. Another important observation is that the many other species (including some unpreferred bacterial species for foods) predominant in the control sample substantially decreased. This suggested a possible negative effect of the sikhae environment on these species that were reduced. Notably, L. sakei is able to grow and survive at low temperature (4 C) and high salt ranging from 3% to 9% NaCl . This psychrotrophic and salt tolerable characteristic of L. sakei may be beneficial to its residence in the sikhae habitat. In addition, an acidic condition (under pH 4.6) created by L. sakei (and other lactic acid bacteria) could play a crucial role of the decrease of unpreferred bacterial species. Interestingly, the dominance of L. sakei appeared to precede the formation of the acidic condition, indicating the presence of other factors contributing to the dominance of L. sakei (Fig. 4) .
L. sakei was firstly isolated from fermented sausage (McLeod et al., 2013; Urso et al., 2006) . It has been widely used as a starter in fermented meat products for biopreservation (Castellano et al., 2012) . L. sakei is also known as a bacteriocin producer Mathiesen et al., 2005; Vaughan et al., 2003; Rawlinson et al., 2002) . Interestingly, the genome of L. sakei has cognate immunity genes against the corresponding bacteriocin (Moretro et al., 2005) . These cognate immunity genes are able to protect the L. sakei strain from the bacteriocin produced by closely-related species (Moretro et al., 2005; Chaillou et al., 2005) . The various L. sakei strains produce different kinds of bacteriocins such as sakacin K (CTC494), sakacin P (LB16 and MF1053), sakacin A (Lb706), and lactocin S (L45) (Nyquist et al., 2011) . Some strains produce more than one kind of sakacin such as sakacin P, sakacin T, and sakacin X for the L. sakei 5 strain, and sakacin P and sakacin Q for the MF1053 strain (Vaughan et al., 2003; Nyquist et al., 2011) . In addition, some L. sakei strains (e.g. L. sakei 23K) have remnants of the bacteriocin gene with the cognate immunity genes . Production of bacteriocin and the capability to protect itself from bacteriocin produced by other competitors can be hugely beneficial for the L. sakei strains to survive the interactions between L. sakei and other competitors of the various habitats. This versatility of L. sakei may be advantageous for inhabiting the Alaska pollock sikhae ecosystem. The bacteriocin from L. sakei could also be the reason for reduction in the unwanted bacterial species that were predominant in the control sample.
L. sakei has also been found in Korean fermented food such as kimchi and jeotgal (Roh et al., 2010; Kim and Chun, 2005; Jung et al., 2011) . By 16S rRNA gene analysis, Kim and Chun (2005) showed the bacterial community structure in kimchi purchased from five major manufacturers. Among various lactic acid bacteria in five different kimchi products, compositions of L. sakei were found in the range of 11.1 38.5% (Kim and Chun, 2005) . Another group monitored the change in the microbial community during a 29-day fermentation process . They provided genome recruitment analysis representing complete genomic sequences . L. sakei was one of the two most highly recruited genomes; the other was Leuconostoc mesenteroides, which was one of the predominant species among the kimchi microbiota in aprior study (Kim and Chun, 2005) . Roh and co-workers (2010) explored the archeal and bacterial community compositions in the various jeotgal microbiotas through pyrosequencing. The study elucidated that the Lactobacillus and Weissella genera were predominant in the jeotgal bacterial community (Roh et al., 2010) . Among various jeotgal samples, L. sakei was observed in the jeotgal samples originating from roe of pollock and tripe of pollock, suggesting the possible sources of the L. sakei strain of Alaska pollock sikhae (Roh et al., 2010) . Previous research regarding Japanese fermented foods also showed that L. sakei was observed in the microbial community (Matsui et al., 2010; Matsui et al., 2008; Koyanagi et al., 2013) . Matsui and colleagues (2010) showed that L. sakei was the most abundant species in Ayu-narezushi, a Japanese fermented seafood, utilizing the16S rRNA gene clone library method. In their later research, they highlighted that L. sakei was predominant in the bacterial community of samma-narezushi, another Japanese fermented seafood (Matsui et al., 2008) . In another pyrosequencing analysis regarding Kaburazushi, Japanese medieval sushi, L. sakei species grew rapidly (up to 79% of total microbiota) during fermentation (Koyanagi et al., 2013) . These results suggested that L. sakei is versatile and dominant in various East Asian fermented foods, especially seafoods such as Alaska pollock sikhae.
